We studied performance of a fast-response nanographite film photodetector (PD) in the temperature range of 300-1000 K. In experiment, we measured the magnitude of the electric signal generated in nanographite film (NGF) under irradiation of intense nanosecond laser pulses at λ=1.064 µm. In vacuum, the measurements of the PD sensitivity were performed in the temperature range of 300-800 K. We showed experimentally that the PD sensitivity at 300 K was about 30% higher than that at 625 K and 50% higher than that at 740 K. At T>625 K, the magnitude of the light-induced signal decreases as a linear function of temperature and vanish at T ≈ 1000 K. In atmospheric conditions, we observed a stable operation of the NGF-based PD during several tens of hours in the temperature range from 300 to 580 K. However, at higher temperature, degradation of the NG film resulted in a drop in the PD sensitivity.
INTRODUCTION
Recent advances in nanocarbon technology have attracted a widespread attention to electronic properties of carbon materials of reduced dimensionality and in particular to their applications in optoelectronic devices. Investigation of carbon nanotubes (CNTs) and nanographite is of special interest for applications, and in particular for creation of novel optoelectronic devices. The first observation of the light-induced dc signal generated CNTs 1 followed development of the CNT-based optoelectronic devices including light detectors 2, 3 and light generators 4, 5 with very interesting properties. In particular, the field-effect ambipolar transistor consisting of single CNT can operate as a polarization-sensitive light detector 2 , while NGFs grown on silicon substrates can be employed in fast response photodetectors (PDs) [6] [7] [8] [9] [10] [11] [12] [13] [14] that can operate within a wide spectral range 11, 12 . In contrast to PDs that employ the internal photoelectric effect, a NGF-based PD can operate within a much wider temperature range. In this paper we report on their performance at high temperatures both in vacuum and in atmospheric conditions.
FEATURES OF NANOGRAPHITE FILMS
The PDs studied in our experiments were manufactured from NGFs grown on silicon substrates by plasma-enhanced chemical vapor deposition (CVD) technique 15 . The NGF films with linear dimentions of 12×25mm 2 were grown on the 0.4-mm-thick high-resistance n-type silicon wafers with resistivities of 2 kΩ×cm. The films were provided with two parallel electrodes by deposition of a thin gold layers on the film surface using vacuum thermal evaporation technique. (Fig. 1) . The NGF thickness was 1-2 μm. The films comprise a porous material consisting of Graphite nanocrystallites with the extended part predominantly oriented perpendicular to the substrate plane. The thickness of nanocrystallites is 50-100 nm at the substrate surface and 5-10 nm near the top of the film, while their length can be as long as several microns. Fig. 2 shows a typical electron-microscopic image of the NGF. Note that similar NGFs [16] [17] [18] [19] [20] [21] were employed for manufacturing cold cathodes for field electron emission 17, 18 Graphite nanocrystallites that constitute these films are often referred to as graphite nanowalls 19 and nanoflakes 20 .
:7
IlIIIftint..__
DESIGN OF THE PHOTODETECTOR AND HEATER
The NGF-based PD consists of NGF 1 with gold electrodes (Fig. 1 ) connected to electrodes 2 (see Fig. 3 , II ').by two pressing plates 3, which are fixed by screws 4 to the front side of supporting base 5 manufactured in the form of a stainless steel hexahedron. Plates 3 are insulated from electrodes 2 with mica (not shown in Fig. 3 ). Copper foil 6 0.35 mm thick and a dielectric mica plate (not shown in Fig. 3 ) are placed between supporting base 5 and the NGF.
For measurements in vacuum, the heating element is manufactured from 0.5-mm diameter tungsten wire 7 encased in insulating ceramic tubes 8 with a 1.8-mm outer diameter. The total resistance of the heater is 0.15. The heater is imbedded into the body of the supporting base to a depth of 1.8 mm. The temperature is measured with thermocouple (chromel-alumel) 9 , which is pressed to the NGF surface with fixing screw 10 and strap 11 attached to plates 3 . A thin mica plate is laid between the thermocouple and the NGF to electrically insulate them from each other.
In atmospheric condition measurements, the heating element is manufactured from 0.4-mm diameter nichrome wire with total resistance of 7 Ω and additional electrodes 2 fabricated from gold plates. Gold plates using as additional electrodes allow avoid their oxidizing and provides excellent electrical contact between electrodes and NGF surface at wide range of temperature.
MEASUREMENT SETUP
The experimental setup shown in Fig. 3 is designed for testing the operation of the PD at high temperatures in vacuum. This setup consists of a multimode nanosecond Nd:YAG laser I, vacuum general-purpose system II with the investigated PD and heater described above, and recording digital unit III. Vacuum general-purpose system II with control unit 17 ensures evacuation to a pressure of 2×10 -4 Pa in the working volume and application of a continuously controlled ac (50 Hz) voltage of up to 12 V to the heater (through electric leads 18 ). Recording unit III consists of the four-channel oscilloscope 19 (Tektronix TDS7704B), ohmmeter 20, and voltmeter 21. The oscilloscope and ohmmeter can be alternately connected through switch 22 to the PD electrodes to measure the amplitude of the signal at the PD output and the interelectrode resistance. The leads of the thermocouple are connected to the input of voltmeter 21, which measures the temperature on the NGF surface. According to 9 , the response time of the NGF-based PD is shorter than 0.5 ns, however a large capacitance between the case and each electrode (~180 pF) increases the response time up to several nanoseconds. Correspondingly, the PD smoothed out the intermode beats of the multimode Nd:YAG laser employed for the measurements in the vacuum conditions (see Fig. 4b ).
In the atmospheric conditions, measurements were carried out using a single-mode Q-switched YAG:Nd 3+ laser 22 with the beam diameter of 2 mm. The laser pulse shape obtained by the fast-response THORLABS photodetector SIR5-FC with response time less than 70 ps and Tektronix TDS7704B oscilloscope (bandwidth of 7 GHz and input resistance of 50 Ω) is presented in Fig. 5a . The same oscilloscope was employed to observe the temporal profile of the dc voltage generated in NGF between the gold electrodes under laser irradiation (Fig. 5 b) . In experiment, the laser pulse energy was varied in the range 1-3 mJ, i.e. it was well below the damage threshold of the NGF. 
TEMPERATURE DEPENDENCE OF THE PD SIGNAL IN VACUUM
The sensitivity measurements were performed at the energy of laser pulses of 2 mJ. The diameter of the laser beam on the film surface was 10 mm and the incident power density was below the damage threshold of the NGF 23 . In order to obtain a maximum optoelectronic signal, the NGF plane was oriented at an angle of 45° with respect to the p-polarized laser beam, while the electrodes were orthogonal to the plane of the incidence [6] [7] [8] . The temperature at the NGF surface increased at a rate less than 0.08 K/s. The amplitude of the measured voltage U between electrodes was averaged over 30 laser pulses following at a frequency of 1 Hz. Fig. 6 shows the temperature dependence of the relative amplitude η=U(T)/U(T=302 K) of measured voltage U during multiple cyclic heating and cooling, where U(T=302 K)=8 mV. Fig. 7 shows the dependence of relative value of interelectrode resistance ρ =R(T)/R(T=302 K) on temperature T, where R(T=302 K)=148.5 Ω. One can observe from Fig.6 that the signal amplitude decreases with the NGF temperature. In particular, when the temperature increases from room temperature to 740 K, the amplitude of the optoelectronic signal is two times smaller than that at 300 K. Temperature of 740 K can be seen as the upper boundary of the temperature working range of the NGF-based PD in vacuum. The dependences η(T) shows that at T>625 K, the amplitude of the PD signal is a linear function of T that crosses the T axis at T lim =1000 K. One may expect that the PD signal vanishes above this temperature. It is necessary to note that temperature dependence of the PD signal is influenced by that of the interelectrode resistance, which is also decrease with temperature (see Fig. 7a ). The relationship between U(T) and R(T) is beyond the scope of this work and is the subject of our forthcoming paper.
TEMPERATURE DEPENDENCE OF THE PD SIGNAL IN ATMOSPHERIC CONDITIONS
Experiments in atmospheric conditions were performed at normal pressure and laser pulse energy of about 5 mJ. Temperature dependences of the PD signal amplitude and interelectrode resistance were measured during cyclic heating up (U Thus, both in atmospheric conditions and in vacuum, increasing of temperature leads to monotonic decreasing of the signal amplitude. In the whole temperature range, the reduction of the PD signal in atmospheric conditions is more pronounced than that in vacuum. The procedure of heating and cooling after soaking for a long time at temperatures T>580 K leads to degradation of NGF-based PD. The degradation of the NGF-based PD sensitivity at temperatures above 600 K may is probably caused by the oxidation of the nanographite. The observed increase of the interelectrode resistance supports such a conclusion.
CONCLUSIONS
The fast PD based on a nanographite film deposited on a silicon substrate can operate under vacuum conditions at a temperature of up to 740 K. At T>1000 K, the PD shows no response on the irradiation with nanosecond pulses of the Nd:YAG laser. In atmospheric conditions, this PD can operate without degradation for a long time at T<580 K, however non-reversible degradation of the PD sensitivity occurs at the temperature above 640 K. 
